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Carbon fiber reinforced polymers (CFRP) have been used in many high-
performance applications where strength to weight ratio is an important characteristic. 
Recent manufacturing advancements have decreased the cost of creating CFRP. Industries 
such as the aerospace and automotive have begun to expand the use of CFRPs.  
Tensile and fatigue experiments were conducted on angled unidirectional CFRP 
coupled with digital image correlation to analyze the full field displacement.  The 
displacement fields were then used as inputs for regression analysis to determine the stress 
intensity factor range.  Predicted displacement fields using the calculated stress intensity 
factor ranges were then compared to the experimental fields. It is common, in literature, to 
treat an angled crack in composites as a rotated horizontal crack because the fiber direction 
controls the crack path. In this study, the inclusion of the Mode II loading condition had a 
significant effect of the displacement fields.  The inclusion of Mode II increased the 
agreement between predicted and experimental displacement fields around a crack tip.  
Regression analysis, crack growth rate analysis, and analytical stress intensity factor ranges 
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Chapter 1. Introduction 
1. Motivation
Historically, carbon fiber reinforced polymers (CFRP) were mostly used in the
performance sporting1 and developmental aviation2 fields because of its high specific 
strength in contrast to standard engineering metals. The reason CFRPs were only in 
performance fields was due to the significantly higher costs of manufacturing.  CFRP has 
started to become more prevalent in other industries3,4 such as the aerospace industry. 
Boeing has heavily invested in carbon fiber development and implementation for 
applications like aircraft wings5. Also, the automotive industry has recently begun the 
implementation of carbon fiber into their mass production line cars. One of the biggest 
examples of this is GMC’s announcement of truck beds that are fully composite6.  There 
are a few misconceptions about carbon fiber that are still widely believed; one of major 
interest is that in the early 1960s there was a notion that carbon fiber is not susceptible to 
fatigue failure7.  Supporting evidence came from studies that showed CFRP tested into the 
gigacycle fatigue range8 but the study also showed that the cyclic load still had a degrading 
effect.  Another misconception that will be explored extensively in this study is that an 
angled crack can be modeled by rotating the crack horizontally and treated as a crack 






Over 90% of all failures that occur in industry are due to fatigue loading11. Fatigue is 
a field that needs to be well understood before engineers would be willing to use a material 
in an application. Classically, fatigue crack growth models and mechanisms have focused 
on metals. The field is still lacking important information regarding CFRP failure 
mechanisms. Fatigue of CFRP has drawn significant interest due to the number of factors 
that can alter the fatigue performance during the manufacturing process. Studies have been 
conducted to show the effects of the environment 10,12,13, which includes temperature and 
moisture, and other factors like fiber orientation 9,14. Predicting crack growth rates in 
carbon fiber is also difficult due to the material anisotropy and the addition of failure 
mechanisms like fiber bridging (Figure 1). Fiber bridging occurs when a crack in the matrix 
propagates leaving behind intact fibers that are no longer supported by the matrix15. 
Figure 1. Fiber Bridging in a unidirectional lamina 
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Lin and Kao15 conducted a study to characterize the effect of fiber bridging and concluded 
that fiber bridging results in a greater resistance to crack propagation15. In Figure 1, the 
schematic depicts fibers remaining unbroken in the wake of the crack that is propagating 
through the matrix.   
2.2 Continuous Fibers 
Composites are unique in that they have various forms of reinforcement from 
chopped strands to long fibrous strands. The reinforcements are suspended in a polymer 
resin epoxy matrix and each form alters the material properties and behaviors. This type of 
flexibility in the reinforcement material allows material properties to be tailored to the 
application.  Continuous fiber type CFRPs come in several layup types: unidirectional, 
twill weave, and plain weave. Unidirectional CFRPs only have fibers oriented in one 
direction per layer and allow for the most insight into the fiber matrix analysis16. A single 
layer of fiber/matrix material is known as a lamina.  Stacked laminas create the composite 
structure known as the laminate. The behavior of the laminate is highly dependent on the 
fiber orientation of each lamina and dependency on how the fibers are oriented can lead to 
different moduli for the laminate, The classical lamination theory is used to predict the 
layup behavior based on the individual lamina orientations16. Studies have been conducted 
on the influence of crack propagation and the fiber orientation9,10,17. These works, along 
with classical fracture mechanics16, obtain similar conclusions in that the crack will 
propagate in the direction that is perpendicular to the maximum tensile stress. The study 
conducted by Koohbor et al.9 used woven CFRP samples where the degree of anisotropy 
was significantly less than that of unidirectional CFRP used by Kawai et al.10 One of the 
4 
 
important details noted by Kawai was that for unidirectional samples, the off-axis fatigue 
behavior was controlled by the fatigue matrix properties10,18–21. This detail is in agreement 
with the fatigue performance as stated by Konur and Matthews22 in that unidirectional 
composite fatigue performance is highly dependent on the static failure limits of the fibrous 
strands and the fatigue limits of the matrix material22. The most common approach to 
characterizing the fatigue life for CFRP is the model created by Talreja et al.23,24 where the 
general S-N curve is modified to account for the maximum strain of the fibers and matrix 
as seen by Figure 2. 
 
Figure 2. Strain-Life Diagram for unidirectional carbon fiber composites23 
From Figure 2, three dominate regions can be seen. The fiber controlled damage region is 
when the fibers dominate the failure mechanism and fail quickly due to fiber breakage or 
fiber pullout22. The matrix strain fatigue limit is most similar to the fatigue endurance limit 
5 
 
in that there is negligible fiber breakage and if any cracking does exist, it will be located 
within the matrix22. The transition region is the area in which crack propagation can be 
seen both in the fibers and the matrix. This region is where fiber bridging is most likely to 
occur 22. For this study, all of the experiments will be tested in the transition region. 
 2.3 Crack Path and Loading Conditions 
 Two phenomena happen as a crack in the matrix approaches a fiber23–25. Figure 3 
shows the two possible crack paths: Figure 3a shows debonding and the crack path in 
Figure 3b is known as fiber bridging/fiber breakage. Debonding occurs when the crack 
propagates along the fiber-matrix interface, parallel to the fiber. The physical 
characteristics that control whether the crack propagates through or along the fiber is an 
area that is lacking understanding, but will not be explored during this study.  Their study 
also showed that the crack growth for off-axis angled fiber is mainly controlled by the 





Figure 3. Debonding and Fiber Breakage/Bridging at matrix/fiber interface in front of a crack tip 
 
Figure 4. Modes I - III for Crack Propagation 
 There are three types of modes that describe crack propagation, depicted in Figure 
4. Mode I is when the separation of the fracture plane is perpendicular to the loading 
direction11. Mode I crack propagation involves tensile loading conditions, and for carbon 
fiber composites, fiber pull out and fiber bridging usually occurs. This is because the 
maximum tensile stress occurs in the matrix and the direction is normal to the fiber 
surface26. Fiber bridging is when the matrix around the carbon fiber begins to crack and 
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separate leaving the fiber unsupported by the matrix. Mode II is when the movement of the 
fracture plane is parallel to the loading direction11. Mode II crack propagation involves 
shear loading conditions and for carbon fiber composites, the crack usually propagates 
through the matrix and creates a smooth matrix fracture surface26. Mode III is known as 
out of plane shear condition and is not investigated in this thesis. 
 2.4 Digital Imaging Correlation 
 Crack tip displacement fields can give meaningful insight to a material’s response 
to a crack.  The use of displacement fields to investigate material behavior has been 
extensively investigated11,27–30. Coupling these finding with high resolution cameras is a 
technique known as digital imaging correlation (DIC). DIC is a technique that taking high 
resolution images of speckle patterns on the surface of a specimen and with post-processing 
software, can track the movement of the randomized pattern due to deformation. To create 
the randomized pattern, a technique known as speckling was used, as seen in Figure 5. The 
most common speckling technique consist of a randomized painted pattern applied with an 




Figure 5. Speckle pattern on the surface of a carbon fiber specimen 
 A good speckle pattern consists of a highly randomized pattern of white to black pixels in 
order to create recognizable contrasts31.  Higher randomization and contrast decreases the 
amount of error and noise in the results. The high resolution pictures are then converted to 
subsets, square groupings of pixels, and tracked during displacement to create the 
displacement fields.  The strain fields are created from finding the gradient of the 
displacement fields27. For the setup used in this experiment, the force being applied on the 
load cell is recorded whenever a picture is taken and can be converted to stress values given 
the specimen geometries. This step allows for a stress-strain or force-displacement curves 
to be calculated and material properties to be derived. The DIC test setup can be seen in 




Figure 6. Fatigue testing set up 
 When dealing with multiple frequencies, like the cyclic speed of a fatigue 
experiment and the image capture frequency, the correct capture frequency is important to 
ensure the capture rate is high enough to accurately monitor the test32. The Nyquist Criteria, 
which states that the image capture frequency must be greater than twice the testing 
frequency, must be satisfied to assign the correct capture rate.  
 With the results from DIC, the full displacement field around a crack tip can be 
compared to analytical models for the displacement field30.  As stated previously, CFRP 
are anisotropic, especially in unidirectional patterns, and studies9,33 simplify the anisotropic 
behavior by applying a rotational matrix and only considering the stress intensity factor in 
the Mode I loading condition.  Although this is common in literature, it is hypothesized 
that the omission of Mode II loading condition will decrease the agreement between 
predicted and experimental results  
10 
Different fiber orientation layups have been studied to characterize the effects of 
Mode II crack behavior34–36 using a variety of different testing methods. However, each 
study had differing results. One study showed that changing the angle of the fibers did not 
effect the Mode II energy release rate significantly34.  Another study showed that the a 
crack tended to propagate on the fiber orientation angle, and showed that the energy release 
rate for Mode II decreased as the angle of the fibers increased36. Morais35 took the works 
of both studies and used numerical modeling to prove that both were right in certain cases. 
Morais was able to determine that the Mode II energy release rate was higher for 
multidirectional composites as opposed to unidirectional.  Hashemi et al. conduced a study 
where the crack propagation rate was determined for different mode’s of fracture and 
revealed that there are a number of factors, such as type of composite layups of test 
specimens, testing temperature and displacement rates, can influence how the crack 
propagates37,38.  
Another study used scanning electron microscopy (SEM) to analyze the fracture 
surfaces of pure Mode I and pure Mode II crack propagation to understand the microscale 
mechanisms that drive the crack growth39. The microscale mechanics showed that as Mode 
II was introduced into a test, the damage mecahnism known as shear cusps became 
prevelent. Shear cusps are defined as serations that appear perpendicular to the crack 




Figure 7. Micrographs on pure Mode I (a.) and pure Mode II (b.) loading propagating from left to right 39 
3. Research Definition
As previously stated, Mode II loading condition is an area that has drawn significant 
interests because of the inconsistency in the material responses and experimental results 
34,39.  Koohbor et al.9 used DIC to analyze crack propagation of a woven CFRP composite 
and used a technique developed by Pataky et al28 to calculate predicted displacement fields. 
Koohbor et al. calculated the full field stress components by using an analytical model that 
only incorporated the tensile loading condition  and used the modified hoop stress criterion 
12 
to determine the crack angles for a given fiber direction. His calculated crack direction had 
a good agreement with experimental results. 
Figure 8. Crack Propagation of Tensile Test of woven carbon fiber composite 9
Figure 8 shows that during a tensile test with fibers oriented at 45ᵒ the crack propagated 
at a 45ᵒ angle as well. The crack propagation angle shows that the failure mechanism is not 
purely Mode I, as seen in Figure 4, and instead is a mixture of Mode I and Mode II. This 
mixed mode loading contradicts how Koohbor et al. applied the full field displacement by 
only incorporating the Mode I condition. Therefore the inclusion of the Mode II on the 
accuracy of the predicted full field displacement cannot be determined without further 
analysis. The focus of this research will be to analyze the effects of Mode II in the full field 
displacement of off-axis unidirectional carbon fiber composites during fatigue crack 
growth for determining stress intensity factor ranges and determine if neglecting Mode II, 
which is common in literature, is a valid assumption.  
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Chapter 2. Materials and Methods 
1. Carbon Fiber Material Layup
The vacuum bagging technique was used for creating CFRP specimens in this
study. The process used a mold for shaping the layup, pre-impregnated carbon fiber sheets, 
and bagging material to apply vacuum. The laminas were placed onto the mold and then a 
layering of different materials were placed around the mold in order to create a sealed bag 
as seen in Figure 9. The bag then had vacuum pulled and was placed in the oven to cure 
for an hour at 270 °F per the manufacturer’s recommendations as seen in Appendix A. The 
unidirectional material that was used was DA 409U/G35 150 acquired from Adhesive 
Prepegs for Composite Manufacturers, LLC (APCM). 
Figure 9.Carbon fiber vacuum bagging layup configuration 
The layups consisted of 8 layers of 12” by 12” squares. The cured CFRP were then cut into 
individual specimens with a waterjet. Figure 10 shows how the unidirectional CFRP sheet 
were cut into multiple specimens with varying fiber angle. The fiber angles ranged from 0ᵒ 
up to 90ᵒ with multiple specimens at each angle.  
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Figure 10. Specimen Layout with axis notation on cured carbon fiber sheets 
Specimens were cut with a waterjet and tabbing material was added in order to prevent grip 
slipping during testing. The tabbing material used was 1/16” Garolite cut with a ½” 
chamfer on the side closest to the gage section. For these testing parameters, ASTM 
Standard D3039/D3039M was used but the standard is vague on the specimen geometries 
and testing parameters. The chamfer was altered until the desired results were achieved.  If 
there is no chamfer on the end of the tab or if the chamfer angle is not great enough then 
the specimen tends to fail at the interaction point between the grips and tab. For these 
experiments, a chamfer angle of 5-7° was used.  The adhesive used to bond the Garolite 
tabs to the CFRP was an aero grade Epoxy, EA 9359.3.  Figure 11 shows a specimen that 
has been tabbed and the dimensions of the gage section where DIC will be performed. 
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Figure 11. Specimen Size Post Tabbing 
2. Tensile Experiments for Material Properties
Before fatigue testing, the material properties needed to be measured in order to
accurately describe the anisotropy. The material specification sheet provided by APCM 
can be found in Appendix A. The Young’s Modulus of the CFRP sample (𝐸1) was
determined through a tensile test of the 0ᵒ specimen. The Young’s modulus for the matrix 
(𝐸2) was determined through a tensile test of the 90ᵒ specimen. Using DIC, the strain in 
the x and y direction can used to calculate the experimental Poisson’s ratio. The last 
material property that is needed is the shear modulus and due to the high degree of 
anisotropy, this term is difficult to determine experimentally. Instead, an optimization 
technique was used to calculate the shear modulus40. For this optimization technique, the 
elastic behavior of multiple specimens at multiple angles was needed. Specimens with 




was done to determine the elastic region.  The linear-elastic stress-strain compliance matrix 

























where 𝜀𝑖𝑗 are the components of the strain tensor and 𝜎𝑖𝑗 are the components of the stress 
tensor. The quadratic elasticity potential can be used in conjunction with the compliance 




















 Figure 10 shows the axis notation that will be used, where direction 1 corresponds to the 
directions of the fibers and direction 2 corresponds to the direction perpendicular to the 
fibers. Direction x corresponds with the axial direction of the test specimen and direction 
y corresponds to the transverse direction of the test specimen. For each tensile test, the 
average axial stress, 𝜎𝜃, that was  applied in the x direction was converted to the force
acting normal and perpendicular to the fiber by using a transformation matrix. The resulting 
stresses on the fibers was then described by in Equation (3) 
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𝜎1 = 𝜎𝜃 𝑐𝑜𝑠
2𝜃
𝜎2 = 𝜎𝜃 𝑠𝑖𝑛
2𝜃
𝜎12 = 𝜎𝜃 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃
 (3) 
Using the quadratic elasticity potential function, Equation (2), substituting in the 
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Where ℎ2(𝜃) is described as
ℎ2(𝜃) =  𝑑1𝑐𝑜𝑠4(𝜃) + 𝑑2 𝑠𝑖𝑛
4
(𝜃) + 𝑑3 𝑠𝑖𝑛
2
(𝜃)𝑐𝑜𝑠2(𝜃)        (7) 
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From these relations, a least squares optimization was performed. To conduct the 
optimization, Equation (6) is modified to move all parts onto one side as seen in Equation 
(9). 











where 𝜃𝐽 corresponds to the fiber orientation, 𝜀𝜃𝐽
𝑖 is the elastic strain corresponding to fiber 
angle 𝜃𝐽, and 𝜎𝜃𝐽
𝑖  is the elastic stress data corresponding to fiber angle 𝜃𝐽. The summation 
of M represents the different angles of specimens and the summation of N represents the 
number of data points for each given angle. The stress and strain values, which are used as 
inputs to the optimization, need to be verified that they are before any type of permanent 
deformation to ensure the optimization process is not optimizing the incorrect parameters. 
One method of applying the optimization process is by selecting all three variables 
(𝑑1, 𝑑2, and 𝑑3) and using all data available. An alternative way is by using the process 
stated earlier for finding 𝐸1(𝑑1) and 𝐸2(𝑑2) and treating both of those values as constants 
and running the optimization process with one free variable 𝑑3. 
3. Fatigue Experimental Setup
Once all material properties were established and verified with literature values,
fatigue tests were conducted. Tension-tension fatigue testing was run on a Psylotech TH-
08 load frame with a load ratio, R of 0.1. The test set up includes a Point Grey high 
resolution camera coupled with a Navitar lens as seen in Figure 6 for capturing images for 
DIC. 
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Due to the brittle failure exhibited by the composites, the frame rate of the camera 
had to be increased to 20 Hz so that the final break could be captured. A MATLAB code 
was developed to check if the test was still running every minute and if the test was still 
running, the program would delete the pictures related to the cycles that were repetitive 
and move the pictures related to the most up-to-date cycle to a separate storage folder. This 
process was necessary in order to record the crack growth and capture the incremental 
increases in crack length without saving excess data. A fiber angle of 60˚ was analyzed to 
ensure an angled crack for combined Mixed Mode I and II crack growth. 
4. Full Field Displacement Analysis
The goal of this study was to determine if including the Mode II stress intensity
factor range with the Mode I stress intensity factor range increases agreement of predicted 
displacement fields around an angled crack tip as compared with experimental 
displacement fields.  A regression analysis of the experimental results was used to 
determine the stress intensity factor ranges for both modes. The method for the regression 
analysis was adopted from the works of Pataky et al28 and Sih et al30.  A MATLAB code 
from Pataky et al28 was modified to determine the corresponding values for the predicted 
strain fields and overlay the predicted results with the experimental results.   
The displacement fields around a crack tip with the loading direction being in the 
same plane are represented by 
20 













{𝑝2√cos 𝜃 + 𝜇2 sin 𝜃 − 𝑝1√cos 𝜃 + 𝜇1 sin 𝜃}]
(10) 













{𝑞2√cos 𝜃 + 𝜇2 sin 𝜃 − 𝑞1√cos 𝜃 + 𝜇1 sin 𝜃}]
(11) 
where the 𝐾𝐼 and 𝐾𝐼𝐼 are the stress intensity factors for mode I and mode II, 𝑟 and 𝜃 are the 
polar coordinate system around the crack tip with the origin being the crack tip, and 𝜇1 and 
𝜇2 are the roots given by the equation below in Equation (12)28,30.
𝑎11𝜇
4 − 2𝑎16𝜇
3 + (2𝑎12 + 𝑎66)𝜇
2 − 2𝑎26𝜇 + 𝑎22 = 0                         (12)
The 𝑎𝑖𝑗 are the elastic constants calculated from the material properties derived in Section 
2.2.  The regression is done on Equation (10) and (11) for the terms 𝐾𝐼 and 𝐾𝐼𝐼. One
important note is that because DIC is being used, the full field displacements are being 
calculated. This means for a given picture there are thousands of displacement data points 
along with locations from the crack tip and all of the data points go into the regression 
analysis. The full field regression displacement will then be overlaid with the DIC results 
for agreement analysis. 
Modifications involved the inclusion of the fiber orientation, the removal of grain 
specific terms, and the updated compliance matrix for CFRP.  The fiber orientation is 
important because it controls the crack propagation direction and alters the stresses that 
were present on the fibers. Originally, the code was made for metals, so terms like grain 
orientation and fracture plane had to be included.  Since composite materials are 
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heterogeneous on a macro-level, they do not have grains and were removed from all 
calculations. The compliance matrix, Equation (1), had to be implemented into the code 
which had originally been created for isotropic and anisotropic materials based on crystal 
orientation.  After all modifications were made, the displacement fields could be 
analytically modeled for composite materials. 
Once both 𝛥𝐾𝐼 and 𝛥𝐾𝐼𝐼 were calculated, an effective stress intensity factor range, 
𝛥𝐾𝑒𝑓𝑓 was calculated using the most general expression for combination as seen in 
Equation (13)29.  
∆𝐾𝑒𝑓𝑓 = √(∆𝐾𝐼)2 +  𝛼(∆𝐾𝐼𝐼)2 (13) 
where the 𝛼 is the ratio between the two energy release rates. Since composite material has 
a high degree of anisotropy, the energy release rates for each case are not the same. The 
energy release rate can be described by Equation (14). 











𝑎11𝐼𝑚[𝐾𝐼𝐼(𝜇1 + 𝜇2) + 𝐾𝐼𝜇1𝜇2] (16)
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Chapter 3. Results and Discussion 
1. Tensile Experimental Results
The first material property characterized was the Young’s Modulus in the fiber
direction and the poissons ratio from tensions test of the 0°. Figure 12 shows the results 
from one tension experiment.  
Figure 12. Stress-Strain 0° and 90° tension experiments 
In Figure 12, and in almost all of the 0° experiments, the load frame had to be stopped 
before final fracture because of slippage between the grips and specimens or the specimens 
and the tabbing material.  Although the entire stress-strain curve looks linear, the linear-
elastic region is only at the beginning of the curve to a load of about 1kN. This is due to 
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the fiber breakage that occurs and was audibly heard while running the test. The onset of 
fiber breakage initiated plastic deformation in the specimen and is seen in the region above 
75 MPa on the stress-strain curve. The Young’s Modulus in the matrix direction was 
calculated using 90° specimens and one example of the stress-strain curve can be seen in 
Figure 12.  The modulus for the 90° specimens were an order of magnitude less than the 
fiber direction.  This was to be expected considering the carbon fibers are stronger than the 
matrix material. Since 0° is the minimum angle that the fibers can be and 90° is the 
maximum angle the fibers can be, all angled fibers will have stress-strain curves that fall 
between the two curves in Figure 12.  All three values calculated can be seen in Table 1. 
Property Value Units 
Young’s Modulus Fiber 
Direction (E1) 
135 GPa 
Young’s Modulus Matrix 
Direction (E2) 
5.5 GPa 
Poisson’s Ratio 0.34 - 
 
Table 1. Elastic material properties 
The only value that the specification sheet, in Appendix A, reported was E1 with a value 
of 129 GPa. The specification sheet and the results from experiments were in good 
agreement.  Remaining values were compared to those found in the literature 41. The values 
from literature were of similar order which verified the values that were calculated from 
the experiment were accurate.  
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The shear modulus was then calculated using the MATLAB optimization code 
described in Section 2.0.  Figure 13 shows the linear elastic region of the stress-strain data 
from a 30° tension test that was used as an input to the optimization code. 
Figure 13. Stress-Strain data from a 30° tensile test of the linear elastic region 
The stress-strain data present in Figure 13 has a larger degree of scatter than the other 
experiments conducted due to the sampling rate of data points being taken. The sampling 
rate was increased significantly because only a small number of samples were available 
and the optimization code validity increases with an increased number of points. Multiple 
optimization algorithms were used to verify that the properties calculated were independent 
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of the algorithm used. The calculated value for the shear modulus was 3.87 GPa.  The shear 
modulus calculated was then compared to literature values and only differed by 0.02 GPa41.  
 The optimization technique can be used to calculate only the shear modulus or used 
to calculate all three moduli40.  Another study on the optimization code was conducted 
where all constants except for the Poisson’s ratio are variables. The values for E1, E2, and 
G12, were 103.4 GPa, 4.8 GPa, and 3.0 GPa respectively. These values are different that 
when conducting the optimization with only one variable. After further investigation and 
as previously stated, the variables are highly dependent on the number of data points used. 
The 0° and 90° tests only had 2 sets of data and not enough data points were acquired to 
accurately depict the linear elastic region. Therefore, the first method was used to calculate 
the Young’ Moduli and the optimization was only used for the Shear Modulus. 
2. Fatigue Experimental Results 
 After the material properties were calculated and verified, the fatigue experiments 
were analyzed. A fatigue specimen with fibers oriented at 60° was tested at 1 Hz with a 
maximum load of 500N and R ratio 0.1. The specimen failed after 21,000 cycles.  Images 
captured during the experiments were run through VIC 2D for crack growth analysis. 
Figure 14 shows the crack length as the number of cycles increase. There are three distinct 
regions that are related to the different phenomena occurring in the material42. Region 1 is 
related to matrix cracking where the matrix is initiating multiple short cracks that slowly 
grow; region 2 is related to debonding of fibers and fiber bridging; and region 3 is where 
the fibers begin to pull out or break away from the matrix material leading to final fracture. 
These phenomena were observed in the DIC results as well through the accumulation of 
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small non-continuous cracks that transition to one major crack where fiber bridging 
occurred and then a final fiber pull out region that happened quickly. 
 
Figure 14. Number of cycles versus Crack length with different regions of crack growth for a specimen 




Figure 15. Fractured specimen with a fiber orientation of 60° 
 Crack lengths in each region were selected for further analysis.  Figure 16 shows 
the resulting full field strain analysis in the vertical direction for a crack at the intersection 
of region 2 and region 3.  The area where the strain is red is the region where the matrix 
cracks had already combined together and propagated through. The yellow, green, and light 
blue regions are where small matrix crack are beginning to connect and on the verge of 
pulling out. Another mechanism controlling the strain in these regions, is the stress 








Figure 17. Full-field vertical strain results from cycle 6,179 with a length to width ratio of 0.2395 
 
Figure 17 shows the strain fields of the crack at 6,179 cycles which is in region 1 where 
there are multiple small cracks that are growing independently. There is not a dominant 
crack in region one for crack propagation to focus on so that is why in Figure 17 the strain 
field is more uniform and shows less of an influence of a stress singularity as opposed to 
Figure 16. Also, the lowest contour region, light purple, on both figures are of similar 
location and this is due to the voids that are present on the surface of the composite. During 
the manufacturing process of the composite, small air pockets get trapped between the 
mold and the prepreg and are not able to be removed when the vacuum is pulled. These 
surface voids create movements not on the same plane and cause errors in the image 
processing. This was unavoidable in the manufacturing process implemented for this study.  
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 Once the correlations were run for each specific cycle, the displacement field at the 
maximum stress were then exported and ran as an input to the MATLAB regression 
analysis described in Section 2.4 to calculate the experimental stress intensity factor range 
for Mode I and Mode II, and also remove rigid body rotation.  All DIC images that were 
saved were broken down to individual cycles with the reference image being the image 
with the lowest load indicating the beginning of a cycle.  When the reference image is at 
the lowest load and image exported for the MATLAB regression is at the highest load, then 
the displacement values that will be calculated will be a stress intensity factor range instead 
of a stress intensity factor.   
 The data exported from Figure 16 was used for the regression analysis seen in 
Figure 18. The origin in Figure 18 is the crack tip location and the negative positions refer 
to the area behind the crack tip and the positive positions refer to the area in front of the 
crack tip. The crack tip location was placed at the origin because of the discontinuity at the 




Figure 18. Regression Analysis and experimental vertical displacements for case 1 with both Mode I and 
Mode II included and regression values for ΔKI of 1.711 MPa-m0.5 and a ΔKII value of 0.845 MPa-m0.5 
The regression contour lines in front of the crack tip agree well with the experimental 
results.  The area behind the crack tip does not have as good of agreement, but it is 
hypothesized that this is due to the fiber bridging that is present behind the crack tip. 
However, the agreement in front of the crack tip suggests that including both Mode I and 
Mode II in the regression analysis capture the displacement field.  
 Another analysis was performed on the same image, however this time the Mode 
II terms in Equation (10) and Equation (11) were omitted from the regression analysis and 
the crack was rotated as if it was opening in Mode I only. Figure 19 shows the results from 
omitting Mode II from the analysis. The 0 contours are at different angles in Figure 19 
which can be attributed to the shear term that is being lost when only considering tensile 
opening.  The 0 contour line for the experimental analysis of Mode I only was also effected 
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by the under-predicted rigid body rotation term, since the rigid body term is subtracted 
from the regression and experimental data. The rigid body rotation term is almost double 
in the case were both modes are considered.   
 
Figure 19. Regression Analysis and experimental vertical displacements for the case 2 with only Mode I 
and regression values for ΔKI of 1.727 MPa-m0.5 
The omission of Mode II decreased the agreement between the predicted vertical 
displacements and the experimental vertical displacements. The ΔKI for case 1 with both 
modes was 1.711 MPa-m0.5 and the ΔKI for case 2 with only Mode I was 1.727 MPa-m0.5.  
When comparing these two values the difference is only 0.016 MPa-m0.5. That is less than 
1% difference between the two cases which means if the goal was to calculate a stress 
intensity factor range, then a value could be calculated to within a percent by only using 
Mode I.  For case 1, the ΔKeff calculated was 1.721 MPa-m0.5.  This difference in ΔKeff for 
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case 1 and ΔKI for case 2 is only 0.005 MPa-m0.5, these values should be almost identical 
in that they account for all deformation in the system. From the small difference, it is 
apparent that the calculations performed correlated well with one another.  In some studies 
reviewed, the stress intensity factor of Mode I was being compared with  the fiber angle so 
only the value was needed which is why only including Mode I gave results that were in 
agreement with the data9. The crack length in this case resulted in a ΔKI that was about 
50% of the ΔKII.  Further analysis was subsequently performed to determine the effects of 
the stress intensity factor range for both modes when changing the crack length. 
 The same analysis was conducted on a 45° specimen, as seen in Figure 20 and 
Figure 21. Similar results from the 60° and 45° fatigue experiments. 
 
Figure 20. Regression analysis and experimental displacements for case 1 with Mode I and Mode II 




Figure 21. Regression Analysis and experimental vertical displacements for the case 2 with only Mode I 
and regression values for ΔKI of 0.7340 MPa-m0.5 
 
Multiple crack lengths ranging from the initial crack through cracks near the failure 
cycle were analyzed using the regression analysis previously mentioned to determine the 
stress intensity factor range for both Mode I and Mode II.  In Figure 22, stress intensity 
factor range is higher for Mode I than Mode II.  Since the fiber angle is 60° and is closer 
to the horizontal, which would be tensile opening, Mode I should have a bigger effect on 
the stress intensity factor range as opposed to Mode II. However, ΔKII for most cases is 
about half of ΔKI showing that Mode II does plays a significant role in the crack 




Figure 22. Stress Intensity Factor Range as a function of the crack length to width ratio for a 60° 
unidirectional CFRP with a reversal ratio of 0.1 
 Figure 23 shows the results from the crack growth rate plotted again the stress 
intensity factor range. The crack growth rate curves for both cases are unlike the standard 
curves in that there is no linear region were the Paris law is valid.  For lower crack growth 
rates there is scatter in ΔK, and this is a common occurrence in literature43,44 and difficult 
to avoid. This is a function of the matrix cracks growing without combining into a large 




Figure 23. The crack growth rate for both mode I and mode II loading conditions 
Another reason for the large scatter is the irregular growth of the crack in regions 1 and 2, 
as seen in Figure 14. The crack does not grow at a constant rate in either region. The crack 
will jump from one length to another then the crack retarded for a given number of cycles 
until the next jump. In region 1, there are multiple cracks initiating in the matrix at the same 
time and the da/dN values calculated only refer to a single crack growing from the notch 
instead of the conglomeration of all the cracks present in the matrix.  
 The last analysis was comparing the experimental results for ΔK to analytical 
results of ΔK for a notched specimen. The analytical values were calculated based off the 
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experimental crack length and graphed for ΔKI in Figure 24, ΔKII in Figure 25, and ΔKeff 
in Figure 26. 
4  
Figure 24. Theoretical and experimental stress intensity factor ranges for experimental crack lengths in 





Figure 25. Theoretical and experimental stress intensity factor ranges for experimental crack lengths in 
mode II loading 
 





Figure 26 shows that the effective stress intensity factor has a larger region of agreement 
with the effective analytical stress intensity range.  The agreement region increased because 
the effective stress intensity range includes a term for the energy release rates and CFRP’s 
are known to have a viscoelastic material behavior so the inclusion of the energy release 
rate could help to normalize the effect45.  The theoretical values of ΔK are higher in all 
cases for both Mode I and Mode II. The theoretical values are derived from classical 
fracture mechanics meaning that they were originally derived for metals and not composite 
materials. From the experimental results, the lower crack length ratios had multiple small 
matrix cracks and the classical fracture mechanics does not account for this additional 
damage mechanism. Similarly, the higher crack length ratios had fiber bridging occurring 
which resisted the matrix crack from opening and once again, classical fracture mechanics 








Chapter 4. Conclusions 
 The derivation of material properties using a material optimization model was 
performed on DA409U/G35 150 unidirectional carbon fiber prepregs. The material 
properties derived showed good agreement when compared with literature findings for 
similar material layups.  
 The effects of Mode I and Mode II on the strain fields surrounding a crack was 
experimentally studied though fatigue experiments on angled unidirectional carbon fiber 
reinforced polymers coupled with a linear regression code to calculate the stress intensity 
factor ranges for both Mode I and Mode II. The omission of the Mode II term in the analysis 
led to strain fields that were not in agreement with the experimental results. The regression 
analysis with both Mode I and Mode II terms showed very good agreement between 
predicted and experimental results. Thus signifying that the inclusion of Mode II in the 
displacement fields are necessary for predicted displacement fields.  
 The significance of mode I and mode II stress intensity factors for angled 
unidirectional CFRPs was analyzed through the experimental results of the crack growth 
rate, the stress intensity factor range at different crack lengths, and the stress intensity factor 
ranges as compared to theoretical values.  The results show that CFRPs behave differently 
than the classic fracture mechanics of metals and widely accepted laws such as the Paris 
law for crack growth rate and theoretical models of stress intensity factor ranges need to 
be revisited for CFRPs. 
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Chapter 5. Future Work  
 New analytical models for the fatigue crack growth need to be developed, or current 
classical fracture mechanics models revised, to allow CFRP specific phenomena such as 
fiber bridging and fiber debonding to be included. The fiber bridging is a major component 
of crack propagation through the matrix as shown in Figure 16 and Figure 17. From this 
study, fiber debonding is the final fracture mechanism that happens quickly and was 
difficult to capture with the test set up used. If a similar set up to the one use coupled with 
a camera capable of taking pictures at a faster rate, could give more insight to the fiber 
pullout realm. If new insights are determined on these fracture mechanisms, the fatigue 
crack growth of CFRP could be improved and possible physics based models could be 
explored.  This would lead to increased confidence in the prediction of the fatigue life of 
CFRP. 
 Another area of future work would be to evaluate what is happening to the crack 
tip in regions 1 and 2, where the crack tip propagates suddenly then retards until the next 
jump.  The inconsistent crack growth rate is something that is not common and needs to be 
studied in greater depth. Determining what is causing the crack to hesitation could lead to 
an advancement on being able to account for the non-uniform crack growth and included 
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